I. INTRODUCTION
There is particular interest in creating patterns or structures on a surface at the micro-and nano-scale with potential applications in optics, [1] [2] [3] photonics, 4 ,5 chemical catalysis, 6, 7 optical biosensing, 8, 9 materials surface processing, 5,10-12 and so forth. For such a reason, further developments in surface nanostructure generation are of importance for both nanoscience and nanotechnology. Laser-based methods have been largely exploited in the synthesis of nanostructures, and laser ablation with femtosecond (fs) pulses has been demonstrated as a valuable tool for both fabrication of nanostructured films by deposition of the ablation plume [13] [14] [15] and direct surface micro-and nano-structuring of solid targets. [1] [2] [3] 5, 10 Many of the studies on fs direct laser structuring exploit laser ablation induced by a beam with a Gaussian intensity spatial profile. By varying the characteristics of the laser pulse parameters, fabrication of a large variety of surface structures on metals and semiconductors is achieved, going from controlled randomly distributed nanostructures (cavities, wires, protrusion, etc.) 5, 16, 17 to periodic and quasi-periodic ripples structures, 5, 10 from regular arrays of microspikes and microcolumns 18, 19 to nanostructured microgrooves, 20, 21 and so forth. Direct fs laser micro-and nanostructuring with Gaussian beams has already shown an impressive capacity of producing surface structures for a wide range of applications. 5, 10 In particular, randomly distributed nanostructures have been produced on different metals (e.g., Al, Au, Cu, Pt, Ti, etc.) greatly increasing the effective surface area. This has a variety of potential applications where a high surface-to-volume ratio is a crucial factor, as for example in optical properties or chemical catalysis. The formation mechanisms of these surface structures is still a topic of debate, 5, 10 and there is a lot of interest in understanding their generation and dependence on processing parameters.
Recently, laser beams with non-Gaussian intensity profile are gaining attention as a novel prospect in laser-matter interaction and related applications. 22, 23 In particular, the current development of efficient beam converters generating powerful fs optical vortex pulses is opening up striking experimental aspects in the newly emerging topic of interaction of such beams with matter. [23] [24] [25] [26] The use of optical vortex beams in fs laser structuring has started only recently. Some examples can be found in fabrication of graphene micro-and nano-disks, 27 formation of sub-wavelength ring structures on silicon or glass, 26, 28 and production of surface micro-structures on stainless steel and silicon. 25, 29, 30 From the pioneering work of Nolte et al. in 1997 on ultrafast laser ablation of copper, 31 this metal can be considered as a case study elemental target material. The formation of nanostructures on copper with Gaussian beams has been largely investigated. 1, 16, 32, 33 Recent remarkable examples of copper nanostructures applications include catalytic activity tuning by visible light irradiation, 34 and development of a)
Author to whom correspondence should be addressed. novel hybrid antibacterial materials. 35 However, we have not found any research work on laser nanostructuring of copper for the case of irradiation with fs optical vortex beams.
Here, we report on direct fs laser ablation of copper with an optical vortex beam. The optical vortex beam is generated via spin-to-orbital conversion of the angular momentum of light by using a q-plate. 36, 37 We specifically focus on the variation of the produced surface structures with the number of pulses, N, and laser fluence, F. Our experimental findings demonstrate that direct fs laser ablation exploiting optical vortex beams can produce interesting surface patterns and nanostructures that are not achievable by the more standard approach based on beams with a Gaussian intensity profile. Figure 1 (a) reports a schematic of the experimental setup. The laser source is a regeneratively amplified Ti:Sa laser system (Coherent Legend) delivering linearly polarized %35 fs pulses at 800 nm central wavelength. The beam spatial shaping is provided by a q-plate with a topological charge q ¼ þ1/2, 38 which produces an optical beam carrying an orbital angular momentum (OAM) l ¼ 61.
II. EXPERIMENTAL METHODS
The lower insets in Figure 1 (a) report images of the beam spatial profile at the indicated locations, as acquired by a beam profiler. The spatial intensity distribution of the laser beam after the q-plate is reported in the left inset of Figure 1 (a). It presents a central region of zero intensity, due to undefined phase on the beam axis, a principal intense ring and several secondary rings at increasing radial distance from the axis. The central part of this beam was spatially filtered with an iris, resulting in a beam characterized by an annular spatial profile, as shown in the right inset of Figure  1 (a). The q-plate axis was aligned perpendicular to the input beam polarization, thus producing an azimuthally polarized optical vortex beam, 39 as illustrated in the upper panel of Figure 1 (b). Following Lou et al., 29 the azimuthal distribution of the beam polarization in the focal plane was verified by irradiating the surface of a silicon target and observing the two-dimensional microstructure of radial ripples (see lower inset in Figure 1(b) ), which are always orthogonal to the locally linearly polarized directions.
Direct femtosecond laser ablation of a copper plate (purity 99.99þ%, GoodFellow) was induced by focusing the optical vortex beam on the target, in air, with a lens of 75 mm focal length. Prior to the ablation experiments, the copper target surface was mechanically polished with 0.5 lm grade diamond powder and, then, ultrasonically cleaned with acetone. The target was mounted on a XY-translation stage and located perpendicular to the laser beam direction ( Figure  1(a) ). An electromechanical shutter provided the selection of the desired number of laser pulses, N, applied to the same spot on the target. The morphology of the irradiated surface regions was studied, post-mortem, using a scanning electron microscope (SEM, model Zeiss EVO 50). Optical and SEM micrographs of the copper surface area at low number of pulses (1 < N < 10) show the formation of a shallow, annular crater reflecting the beam shape (Figure 1(b) ), with a central singular region of the beam with zero intensity of radius R in % 6 lm, and an external radius of the ablated area R ex % 46 lm. From the measured radii, a spot area on the target surface S ¼ p(R ex 2 À R in 2 ) % 6.5 Â 10 À5 cm 2 is estimated. The energy of the vortex beam incident on the target, E L , was measured by a joulemeter and the average laser fluence, F, was calculated as F ¼ E L /S. Experimental characterizations were carried out by varying both the laser pulse energy, E L , and the number of laser pulses, N.
III. RESULTS AND DISCUSSION
We first illustrate the role of the number of laser pulses, N, in the surface structure formation, going from a single to a thousand shots. This characterization was carried out at a laser energy E L % 90 lJ, and the corresponding average laser fluence of the vortex beam is F % 1.4 J/cm 2 . We notice that for ablation of copper with the Ti:Sa Gaussian output beam, we measured an average fluence value F av,G ¼ 0.45 J/cm 2 . 40, 41 Thus, the following analysis refers to an average fluence of the vortex beam F % 3 Â F av,G .
For easiness of discussion of the experimental results, we divide the investigated range of number of pulses in four intervals: (i) N ¼ 1 (single pulse); (ii) N ¼ 2, 5, 10 (low number of pulses); (iii) N ¼ 20-500 (medium number of pulses); (iv) N > 500 (large number of pulses). Hereafter, representative SEM micrographs of the target surface in these various regimes will be illustrated and discussed.
We start discussing the characteristics of the irradiated surface structure formed in a single pulse (N ¼ 1) irradiation. also be observed as long sub-micrometer tracks in Figure  2 (a). The irradiated region presents a corrugated surface characterized by a rather complex network of nanometerscale ridges, wrinkles, pores, and cavities, as illustrated by the SEM micrographs of selected zones acquired at increasing magnification and shown in the panels (b), (c), and (d) of Figure 2 . In Figure 2 (d), the inset (e) reports a typical SEM image of a 2 Â 2 lm 2 region of the pristine target surface (same magnification as for panel (d)). Different types of nascent nanostructures can be identified in the complex, cellular network generated on the target surface, some of which are indicated in Figure 2 (d). The network connections have a typical thickness of 50-100 nm, and their length between two extreme junction points (bridge) spans from %200 nm to %700 nm. The network connections form a number of different random structures that include small pores, with diameters in the range 50-150 nm, and large cavities (delimited by rims) of various shape, whose typical sizes range from 300 to 700 nm. Few nanometric protrusions are also observed, which extend for %100 nm towards the inside of a nearby cavity. The formation of rather similar structures has been observed earlier in single-shot fs laser nanostructuring of various metals (e.g., copper, gold, platinum, titanium) in the center of irradiated Gaussian beam spot. 5, 16 In the present case, this nanostructure is present over the complete annular beam spot, probably due to a more homogeneous distribution of the energy of the optical vortex beam. Besides, several dispersed nanoparticles can be seen out of the irradiated area. These are nanoparticles produced during the laser ablation process, 42, 43 and re-deposited back on the target surface, around the irradiated area, by a backward flux. 5, 44, 45 Various mechanisms have been suggested to rationalize the formation of nanostructures on metallic targets, but no clear understanding has been reached yet.
5,10 Some of these mechanisms are related to the complex dynamics followed by the melted layer produced by the laser irradiation, which can eventually lead to the formation of nanometer-sized cavities, rims and protrusions on the target surface. 5, 17, 32, 46, 47 Approaches based on Molecular Dynamics (MD) have been proved capable of delivering a rather detailed description of the relaxation dynamics of a target irradiated by an ultrashort laser pulse. [47] [48] [49] [50] [51] [52] [53] MD results for different metallic targets showed striking similarities suggesting rather general characteristics of the underlying processes. For fs laser pulses, relaxation of laser heated metallic targets occurs in a regime of inertial stress confinement, because both the laser excitation and the energy transfer from electrons to lattice take place before any significant expansion of the irradiated material. In such a regime, the development of tensile stresses induced by the fast expansion of the excited material can trigger cavitation processes and voids formation in the metastable liquid layer produced during the ablation process. 46, 47 Recently, Wu and Zhigilei carried out large-scale MD simulations accounting for the various effects of laser-induced stresses on material relaxation and ejection mechanisms in the condition of stress confinement. 47 Their findings clearly evidence the formation and growth of many voids in the deeper subsurface layers of the target. This leads to the generation of a cellular, foamy, and porous structure in the metastable liquid, with many interconnected regions resembling a "Swiss-cheese-like" configuration. The subsequent cooling of the non-ablated region of the liquid layer can freeze these structures, thus leading to a complex, nanostructured surface morphology as that exemplified in Figure 2 .
We analyze now the evolution of the surface structure with successive laser pulses, at F ¼ 1.4 J/cm 2 . Figure 3 reports typical SEM micrographs for low pulse number, i.e., N ¼ 2, 5, and 10. In Figure 3 , panel (a) shows the annular spot on the target for N ¼ 2, while panel (b) illustrates the details of the generated nanostructure morphology. For 
comparison, in Figures 3(a) and 3(b) , the insets display a portion of the surface structure for N ¼ 1, registered at the same magnification. The SEM micrographs for N ¼ 2 clearly indicate that one additional pulse is already able to significantly change the surface structure morphology. In particular, the surface density of inter-connecting bridges reduces, meanwhile the typical dimension of ridges and cavities increases; ridge thickness is in the range %200-400 nm and typical sizes of the cavities varies in the interval %200-1000 nm. In addition, several spherical dips with typical dimensions in the range %200-400 are present in the nanostructure. Moreover, numerous nanoparticles with diameter of %50-100 nm are present both in the nano-cavities and on the nano-ridges, as indicated in Figure 3(b) by the yellow and blue arrows, respectively. Figure 3 (a) also shows that the rather uniform surface structure formed in the irradiated spot is delimited by two narrow transitional regions, with a thickness of few microns, at the beam spot internal and external edges. Moreover, dispersed nanoparticles are also visible both in the inner and outer un-irradiated areas. These nanoparticles are likely due to the backward flux of ablated material towards the non-irradiated regions of the target. 5, 44, 45 Instead, the particles decorating the surface nanostructures are probably low-velocity nanoparticles emitted during the ablation process that are pushed back and, eventually, deposited on the irradiated target area because of the laser ablation plasma pressure. 51, 54 Figures 3(c)-3(e) report SEM images of the surface morphology for N ¼ 2, 5, and 10, respectively, illustrating the progressive evolution of the surface nanostructures with N, in the low pulse number regime. One can see that randomly branched nanostructures characterize the surface, and their surface density gradually decreases with the number of pulses.
It is worth observing that for N > 1, the n-th laser pulse of the ablation sequence interacts with the nanostructured surface developed by the previous (n À 1) pulses, which can influence the actual target surface absorption. Vorobyev and Guo showed that the target surface modification induced by multipulse, fs laser ablation with a Gaussian beam enhances its absorptance. 55 In particular, a steep increase by a factor %2-3 with respect to the clean metallic target surface occurs after the first pulse, then remaining almost constant for N up to %10. This behavior was ascribed to surface nanoscale roughness induced by laser ablation at low number of pulses. A similar effect is also likely in the case of fs laser ablation with optical vortex beams: after the first laser pulse, the ablation process is more effective because of the increased amount of energy coupled to the nanostructured target. The associated increase of the plasma plume pressure 54 can explain the increased number of nanoparticles re-deposited within the laser beam spot and decorating the surface nanostructures. Moreover, a reduction of the nanostructure surface density with the number of pulses was also reported earlier for Gaussian beams 5, 16 and can be ascribed to inhomogeneous energy absorption driven by the surface roughness. Some attempts to model the effects of surface roughness were, recently, considered for the formation of regular ripples following fs laser irradiation; 56, 57 nevertheless, the complexity of the generated random surface structures observed here still hinders a real quantitative application of such an approach. respectively. In Fig. 6(a) , we observe that for N ¼ 40 the central part corresponding to the singular region of the vortex beam, with a radius r % 7 lm, is still clearly recognized. It is surrounded by the annular structured area and decorated with nanoparticles (with sizes going from tens to hundreds nm) and aggregates of nanoparticles with typical dimensions of 1-2 lm (Fig. 6(b) ). Instead, in Fig. 6(c) , the central structure formed at N ¼ 500 resembles a slightly asymmetric mountain peak surrounded by four inclines degrading toward the rough nanostructured crater bottom. Figures 6(d) and 6(e) show zoomed portions registered at higher magnification. In Figure  6 (d), it is possible to recognize that a residual part of the turret top surface existing at lower pulses is still present, and is decorated by a spherical micro-droplet. Then, some grooves separate the various inclines, which present a filamentary nanostructure composed by a number of rather ordered micrometric chains, as shown in Figure 6 (e). Some fibrous-like chains seem to extend into the grooves and to connect with those present on the adjacent incline. A similar filamentary structure is also present on the external wall of the crater ( Figure 5(d) ).
It is worth noticing that the central structure of Fig. 6 (c) can be delimited by a circle with a radius of %16 lm, which is about 3 times larger than R in (%6 lm), the typical radius of both the central turret observed at lower number of pulses and the singular beam area with zero intensity. This suggests a progressive accumulation of ablated material around the turret during crater drilling, for 100 < N < 1000. This observation can be contrasted with micro-needle fabrication on a Ta metal surface based on laser ablation with a nanosecond (ns) optical vortex beam. 58 For ns pulses, a central needlelike structure forms in the center of the vortex beam and extends for several microns out of the pristine target surface, after only four pulses. This is ascribed to accumulation of laser ablation plasma material at the center of the processed surface. 58 Instead, for optical vortex fs pulses used in the present study, many laser pulses (N % 100) are needed to produce a turret in the center of the ablation crater because of the lower ablation rate per pulse of fs ablation. This progressively transforms into a micro-tip with a nanostructured surface for 200 < N < 1000, and eventually disappears at still larger number of pulses.
In all cases, an extended, circularly shaped halo of debris (not shown) extending to roughly %3 Â R ex is observed around the ablation crater as a consequence of a significant backward deposition of ablated material. Interestingly, an annular stripe of the pristine target surface, with a thickness of %5-10 lm and decorated by dispersed particles separates nanostructured area and debris halo (Figures 4(a)-4(d) ). This stripe is probably due to the pressure exerted by the expanding plasma plume on the area surrounding the very external edge of the beam spot that limits an effective deposition of nanoparticles in this region. Figure 7 reports a representative SEM image illustrating the typical morphological structure of the debris deposited around the ablation crater; the inset shows a region of debris around the crater. The debris consists of micrometric agglomerates of smaller nanoparticles characterized by a cauliflower like morphology.
The expansion dynamics of an ablation plume into a background gas is rather complex, and modeling of the process is usually limited to one-dimensional or hemispherical expansion geometries. 59, 60 At early time, the generated ablation plume accelerates away from the sample surface pushing the surrounding gas molecules and forming a shock front. Subsequently, the gradual increase of the adjoint background mass and the confining effect of the ambient pressure progressively brake the expansion of the plume along the direction normal to the target surface, and eventually the plume front propagation halts. At this stage, the plume pressure is still higher than the static atmospheric pressure sideways. Hence, the plume propagation continues mainly in radial directions, eventually diffusing out of the laser beam spot and leading to a typical halo of ablated material redeposited back on the target surface around the irradiated area. 44, 45 The different laser energy distribution of a vortex beam with respect to Gaussian influences the spatial distribution of the initial ablation plume, and consequently its successive propagation dynamics. For a Gaussian beam, the late expansion occurs mainly outwards the irradiated area, meanwhile the singular region present in the vortex beam likely leads to both inwards and outwards diffusion of the ablated material. This suggests that the aggregates of nanoparticles observed in the central (Figs. 6(a) and 6(b) ) and external (Fig. 7) un-irradiated areas result from such propagation processes, though detailed hydrodynamic modeling would be necessary to fully confirm such an interpretation.
The effect of the laser pulse fluence on surface structuring is analyzed by following the variation of the nanostructures produced at various laser fluencies, F, at a fixed number of pulses, N. In particular, we analyzed two regions of the sample surface: (i) the irradiated annular region and (ii) the center of the optical vortex beam spot. Typical SEM micrographs of the nanostructure morphology are summarized in Figures 8 and 9 , respectively. The following fluences were used: F ¼ 2.0 J/cm reduces. Moreover, it confirms the previous observation of a coarsening of the surface structure morphology with the increase of laser pulse number, at fixed fluence. Thus, one can conclude that ablation at low laser fluence and number of pulses is a more favorable condition for producing high density of smaller random surface nanostructures, while higher number of pulses or fluence progressively transform the surface morphology in an assembly of larger, and more dispersed structures. This aspect can offer the possibility of appropriate tuning of the experimental conditions (F, N) to generate micro-and/or nano-structured surfaces for any specific application. These observations suggest that at fixed number of pulses, a progressive increase of the laser fluence can induce a morphology change in the center of the optical vortex beam qualitatively similar to that observed earlier at a fixed fluence for a variable number of pulses.
IV. SUMMARY
In this work, optical vortex beams generated by a q-plate were exploited to fabricate different, surface microand nano-structures on a copper target, in air. We specifically focused on the variation of the produced surface structures with the number of pulses, N, and laser fluence, F.
The morphological characteristics of the surface structures change with the pulse number, N. The first pulse (N ¼ 1) generates an annular region characterized by a rather complex network of nanometer-scale ridges, wrinkles, pores, and cavities. At larger pulses (2 < N < 100), the surface morphology progressively transforms into larger structures, while the central, non-ablated area is gradually decorated by nanoparticles produced during the laser ablation process. Moreover, a micro-tip with a nanostructured surface is formed in the center of the irradiated area, which eventually disappears at still larger number of pulses (N > 1000) with the formation of a deep crater. The nanostructure characteristics also depend on the laser fluence, F. In particular, a gradual coarsening of the structure morphology is observed as F increases.
In conclusions, our experimental findings demonstrate that direct femtosecond laser ablation with optical vortex beams produces interesting patterns not achievable by the more standard beams with a Gaussian intensity profile. Although a copper target and an azimuthally polarized vortex beam are used here, our results demonstrate that fs vortex beams generated by a q-plate can produce interesting morphologies at the micro-and nano-scales. Moreover, they also suggest that appropriate tuning of the experimental conditions (F, N) can lead to the formation of various surface structures.
